The core-level and valence band electronic states studies of single crystalline transition metal silicides (Mn1−xFex)5Si3 (x = 0 and 0.05) by the X-ray and ultraviolet photoemission spectroscopies are reported. The Mn 2p core-level spectra for both compounds were ascribed to the relevant Mn sites in their crystal structure. The valence band spectra were compared with the result of ab-initio band calculations using the tight-binding linear muffin-tin orbital method. It was concluded that the enhancement of the spectral density within the 2 eV binding energy region below the Fermi energy comes from the effect of strongly correlated Mn 3d electrons.
Introduction
The isostructural intermetallic compounds Mn 5 Si 3 and Fe 5 Si 3 form continuous solid solutions in which the type of magnetic order varies as a function of temperature [1, 2] .
(967) Both investigated compounds crystallize in the hexagonal crystal structure type D8 8 , space group P 6 3 /mcm (see Fig. 1 ). Manganese atoms are located in two different crystallographic sites: Mn I 4d at . The Si atoms occupy also 6g site with the different values of the x parameter. The value of the x parameter are equal to 0.2358 (6) and 0.5992 (15) for Mn and Si, respectively. The atomic surroundings of Mn atoms at the different crystallographic positions are presented in Fig. 1 The parent compound Mn 5 Si 3 shows a Curie-Weiss paramagnetic state above the Néel temperature 99 K and an additional first-order transition at 66 K. Below this temperature it exhibits a non-collinear complex antiferromagnetic structure [3] . The Fe 5 Si 3 compound is ferromagnetic below 376 K [2] . From neutron diffraction [1] and Mössbauer effect [4] it was deduced that Mn and Fe atoms preferentially occupy the 6(g) and 4(d) positions, respectively. The temperature dependence of resistivity along the a axis as well as along c axis in zero magnetic field and at 12 T was measured for Mn 5 Si 3 in the paper [5] showing a metallic conductivity and a strong effect of the complex magnetic behaviour below the Néel temperature.
To our knowledge only one paper [6] was published on electron photoemission studies for a single crystalline compound Mn 5 Si 3 . The sample came from the same source as our samples. The authors performed the photoemission experiments using synchrotron radiation at 900 eV with the energy resolution of about 100 meV for the valence band spectra and of about 200 meV for the Mn 3s, 2p, 3p, 3d and Si 3s, 3p core-level spectra. Among others, they concluded that the valence band spectrum close to the Fermi energy consists mostly of the Mn 3d electron states and corresponds well to the density of states (DOS) calculated in the paper [7] . For the low temperature magnetic state it was suggested that some Mn sites are providing itinerant electrons and some more localized moments [8] . However, the nature of electronic states is still unclear and the effect of iron substitution is unknown.
This paper reports results of X-ray and ultraviolet electron photoemission measurements (XPS/UPS) for Mn 5 Si 3 and (Mn 0.95 Fe 0.05 ) 5 Si 3 single crystals. The data concerning the valence band spectra are compared with ab-initio electronic band structure calculations using the tight-binding linear muffin-tin orbital (TBLMTO) approach [9] . On the basis of the results the electronic structure of the compounds was determined.
Experimental
Two single crystals Mn 5 Si 3 and (Mn 0.95 Fe 0.05 ) 5 Si 3 were prepared by the Czochralski method in a helium atmosphere using a beryllium oxide crucible [5] .
The dc magnetic susceptibility of Mn 5 Si 3 as a function of temperature was measured in our previous paper [1] and in the paper [10] showing the Néel temperature T N ∼ = 70 K. In the present paper the real component of ac magnetic susceptibility of (Mn 0.95 Fe 0.05 ) 5 Si 3 as a function of temperature was measured by the standard mutual inductance bridge in the zero field cooling procedure (ZFC) at 189 Hz. The ac magnetic field of rms amplitude of 0.1 Oe was applied in the ab-plane of the sample.
The XPS spectra were measured at room temperature using the Leybold LHS10 electron photoemission spectrometer with Mg K α (hν = 1253.6 eV) radiation. The total energy resolution of the spectrometer with a hemispherical energy analyzer was about 0.75 eV for Ag 3d line. Binding energies are referred to the Fermi level (E F = 0). The spectrometer was calibrated using the Cu 2p 3/2 (932.5 eV), Ag 3d 5/2 (368.1 eV), and Au 4f 7/2 (84.0 eV) core-level photoemission spectra. Measurements were carried out at room temperature. Surfaces of the compounds were mechanically cleaned by scraping with a diamond file in a preparation chamber under high vacuum (10 −9 mbar) and then immediately moved into the analysis chamber. This procedure was repeated until the C 1s and O 1s core-level peaks were negligibly small or did not change after further scraping. Such a procedure of cleaning was performed before each XPS measurement. The Shirley method [11] was used to subtract the background and so prepared experi-mental spectra were numerically fitted using the proper mixture of the Gaussian and Lorenzian curves.
The UPS spectra were collected in room temperature with an Omicron spectrometer equipped with the ARUPS 65 energy analyzer and with a high intensity ultraviolet He I source of photon energy of 21.2 eV. The energy resolution of the spectrometer calibrated for the Fermi edge of Ag was about 70 meV. A surface of the specimen was scraped prior to measurements and then cleaned by heating up to 520
• C and annealing in situ in ultra high vacuum conditions. The Taugard [12] procedure was used to subtract the secondary electron background.
The method of calculation
The electronic structure was calculated by ab-initio self-consistent TBLMTO method [9] within the framework of the local spin density (LSD) approximation. The scalar-relativistic approximation for band electrons and the fully-relativistic treatment of the frozen core electrons were used. The exchange correlation potential was assumed in the form of von Barth and Hedin [13] with gradient corrections [14] . The self-consistent calculations were performed in the atomic sphere approximation (ASA) for the experimental values of the lattice parameters. The values of the atomic sphere radii were chosen in such a way that the sum of all atomic sphere volumes was equal to the volume of the unit cell. In the band calculations the initial atomic configurations were assumed according to the periodic table of elements.
Results and their analysis
The temperature dependence of ac susceptibility for (Mn 0.95 Fe 0.05 ) 5 Si 3 is shown in Fig. 2 . The Néel temperature is 76 K and the first-order transition is at T t = 62 K as compared to 70 K and 66 K for Mn 5 Si 3 , respectively [10] . Figure 3 shows the XPS spectra of the Mn 5 Si 3 and (Mn 0.95 Fe 0.05 ) 5 Si 3 compounds in a wide binding energy range of 0-1000 eV (Fig. 3a) (Fig. 3b) . Binding energies are related to the Fermi level (E F = 0 eV). A small contamination of oxygen at about binding energy 530 eV (O 1s line) and of carbon at about 290 eV (C 1s line) is visible (see Fig. 3a ). The Mn 2p core-level spectrum in Fig. 3b shows the splitting due to the spinorbit interaction. The peaks at E B ∼ = 640 eV and 650 eV correspond to the energy difference between 2p 3/2 and 2p 1/2 states. The both peaks are composed of weaker peak at higher binding energy (E B ) and a stronger peak at lower E B . Therefore, both peaks have been deconvoluted into two components corresponding to the positions of the Mn atoms in a crystal unit cell. The intensity ratio of the Mn(1) to Mn(2) is roughly 2:3 for both compounds. The Table collects the determined values of the binding energy and values of the spin-orbit splitting ∆E for Mn 2p 3/2 , Mn 2p 1/2 , and pure metallic Mn 2p levels [14, 15] . The difference between Mn sites is consistent with the crystal structure data. The Mn atoms occupy two different crystallographic sites: 6g and 4d (see Fig. 1 ).
The corresponding values of the binding energy of the Mn atoms at 6g site are close to the value of pure metallic Mn while for those at 4d site the significantly bigger chemical shift than for Mn was detected. For (Mn 0.95 Fe 0.05 ) 3 Si 5 the values for 6g site are the same as for Mn 5 Si 3 while for 4d site the increase in the binding energy and spin-orbit splitting has been observed. This result indicates that the doping Fe atoms to the 4d sites affects the electronic state of Mn atoms in other 4d sites.
The XPS valence bands (VB) of both investigated compounds are presented in Fig. 4 .
The bands extend from the Fermi energy at E = 0, to the binding energy of about 12.5 eV. The spectra were numerically fitted using five lines each consisting of a proper mixture of the Gaussian-and Lorenzian-shaped lines (the solid curves in Fig. 4) . Figure 5 shows the calculated partial (Mn, Fe, and Si) and the total DOS for Mn 5 Si 3 and (Mn 0.95 Fe 0.05 ) 5 Si 3 . In Fig. 4 the calculated density of states convo- luted by Lorentzian curves of the half-width 0.75 eV due to the energy resolution of the spectrometer were compared with the recorded spectra.
As can be seen from Fig. 5 the Mn partial density of states gives the five maxima between 0 and 5 eV at 0.2, 1.0, 2.15, 2.8, and 3.5 eV. The Si 3s electrons give a few times smaller spectral intensity at 3.4 and 5.9 eV and the Si 3p electrons at 8.4 and 9.9 eV than the spectral intensity from Mn 3d electrons. The total density of states for (Mn 0.95 Fe 0.05 ) 5 Si 3 is similar to those calculated for Mn 5 Si 3 . The Fe 3d states form a broad but much less intense maximum in the region between E F and 4 eV which coincides with the Mn 3d states. On the basis of the calculations one can conclude that the maxima at about 0.6, 1.5, 3.0, and 5.0 eV in the experimental spectrum of Mn 5 Si 3 are connected with the Mn 3d states and the photoemission peak at about 9.7 eV comes from the electrons of the Si 3p state.
In the spectrum of (Mn 0.95 Fe 0.05 ) 3 Si 3 the small shifts of the binding energies of those maxima have been detected and are equal to 0.55, 1.55, and 3.3 eV for Mn 3d state and 8.5 eV for Si 3p state. In general, the valence band photoemission spectra of both compounds agree qualitatively with the result of the band calculations.
The UPS spectra were recorded using the ARUPS electron energy analyzer with the energy resolution of about 70 meV to look at more details on the valence bands in the vicinity of the Fermi energy. In Fig. 6 the UPS spectra for both compounds at room temperature are shown in the 2 eV region below the Fermi edge. The two most important observations from the UPS spectra are: (1) the very sharp Fermi edge and (2) the enhancement of electronic states just below E F = 0 within 2 eV binding energy interval E B (see Fig. 6 ). From the comparison with our calculations (see Fig. 5 ) as well as the literature band structure ones for the parent compound Mn 5 Si 3 [7] the enhancement comes entirely from 3d Mn states whereas the Si 3p states contribute to the bottom of the band. The enhancement reveals the effect of strongly correlated 3d electrons on electronic properties of the compounds.
Conclusions
We have performed measurements of core-level and valence band photoemission states of two single crystals Mn 5 Si 3 and (Mn 0.95 Fe 0.05 ) 5 Si 3 using XPS/UPS methods with conventional photon sources. The core-level spectra were found to consist of two components connected with two crystallographic sites of Mn ions. The substitution of Fe atoms to the 4d site affects electronic state of Mn atoms in this site and the chemical shift is significantly bigger. The valence band photoemission spectra of both compounds are very similar and agree qualitatively with the paper [6] as well as with our TBLMTO and published in [7] band structure calculations. On this basis we concluded that the enhancement of 3d Mn electronic states just below the sharp Fermi energy (see Fig. 6 ) gives rise to an effect of strongly correlated 3d electrons on the electronic and magnetic properties of the compounds.
